Introduction {#sec1-1}
============

Spinal cord injury can be disastrous, often leading to lifelong disability and seriously impacting patients' physical and mental health, and the outcomes of current treatments are still poor (Schonherr et al., 2000; Dunn et al., 2009; Mulcahey et al., 2010; Byrnes et al., 2012; Tian et al., 2014). For more than 16 years, we have been attempting to repair spinal cord transection by intercostal nerve-lumber dorsal root anastomosis, obtaining a number of promising outcomes (unpublished). The vertebrate central pattern generators (CPGs) located in the spinal cord form the neuroanatomical basis of our novel treatment strategy for spinal cord injury. CPGs are comprised of afferent nerves, interneuron units and efferent nerves. The interactions between the elements of CPGs cause neural oscillations and rhythmic impulses, and the interplay among CPGs harmonically generates different modes of locomotion, such as swimming, walking and running (McCrea and Rybak, 2008; Rybak et al., 2015). Although there have been significant advances in CPG research, the precise neural mechanisms underlying coordinative locomotion remain unclear. Signals from lumbar primary afferents are important for locomotion modulation of the hind-limbs (Menard et al., 2002; Sirois et al., 2013), and their projection scopes and synaptic connections with the propriospinal neurons in the spinal cord may be beneficial for elucidating the mechanisms of CPGs. However, quantitative analysis of varicosities from the dorsal root in the spinal cord has not previously been reported. In the current study, we applied 3-kDa Texas red-dextran amine (TRDA) for fine labeling of nerve fibers and varicosities (Fritzsch, 1993), and obtained images of the whole central projections and connections of lumbar afferent fibers by directly injecting TRDA into the proximal trunks of the L~4~ dorsal root.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

A total of 20 adult female specific-pathogen-free Sprague-Dawley rats (weighing 260--300 g, aged 7--8 weeks), supplied by the Laboratory Animal Center of the Academy of Military Medical Sciences (SCXK-(Army)-2012-004), were housed in temperature- and humidity-controlled rooms (25 ± 1°C; 45 ± 5%) with a 12-hour light/dark photoperiod. Animals were housed in groups of three rats per cage, and given free access to chow and water during the experiment. All experimental procedures were carried out in accordance with the EU Directive 2010/63/EU for animal experiments, and were approved by the Beijing Institute of Basic Medical Sciences in China.

Labeling procedures {#sec2-2}
-------------------

Animals were anesthetized with 1.0% sodium pentobarbital solution (50 mg/kg body weight) *via* intraperitoneal injection, and the body temperature was maintained using a heating pad during surgery. After laminectomy, the right L~4~ dorsal roots were exposed, and approximately 0.46 μL 10% TRDA (catalog No. D3328, lot No.: 1540675, Molecular Probes, Eugene, OR, USA) dissolved in ddH2O was slowly injected into the trunks, 10 mm proximal to L~4~ dorsal root ganglions (DRGs) using glass micropipettes (OD 30--40 μm) with NANOJECTII (Drummond Scientific Company, Broomall, PA, USA). The pipettes were kept in place for a further 5 minutes, and the injection sites (**Additional Figure 1**) were dabbed with cotton swabs then flushed three times with sterile saline solution to avoid contamination. Finally, the wounds were closed with layered sutures. In another group, 10% TRDA with the same volume was directly injected into the right L~4~ DRGs, with 2--3 injection sites for comparing the labeling efficiencies between two injection methods ([**Table 1**](#T1){ref-type="table"}).
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Dorsal root tracing technique
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Number of animals examined using dorsal root ganglion tracing and dorsal root tracing methods
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Tissue processing and detection {#sec2-3}
-------------------------------

At 3--14 days postoperatively, animals were deeply re-anesthetized with an overdose of sodium pentobarbital, then transcardially perfused with 200 mL 0.9% sodium chloride solution followed by 500 mL specific buffer of 4% paraformaldehyde. The brain stems with gracile nucleus, T~10~--S~4~ segments of spinal cords, and L~3--5~ DRGs of both sides were removed, cryoprotected in phosphate buffered saline (PBS, pH 7.4) containing 20% sucrose, and stored at 4°C overnight.

All DRGs were cut into 20-μm longitudinal sections using a cryostat microtome (0001EU, Seward, West Sussex, UK), and digital images were captured with a fluorescence microscope (Olympus BX50, Shinjuku, Tokyo, Japan) using DP2-BSW software (Olympus) with the parameters 4 × air (numerical aperture \[NA\] = 0.13). Six images of the right L~4~ DRG of each rat were randomly selected, and the labeled and unlabeled neurons in the same image were manually identified and counted using Fiji software, downloaded from <http://fiji.sc/Downloads#Fiji>. The uptake ratio (labeling ratio) of TRDA was determined by dividing the quantity of the labeled neurons by the total neurons in the same section. Simultaneously, more than 150 TRDA-labeled sensory neurons in DRGs were randomly selected, and their diameters were measured using Fiji software.

All of the gracile nuclei and spinal cords were cut into 40-μm thick coronal sections, except for three cases that were cut into horizontal sections ([**Table 1**](#T1){ref-type="table"}), and fluorescence photomicrographs were captured with a confocal microscope (TIE-A1, Nikon, Otawara, Tochigi, Japan) using NIS-Elements 4.40 software (Nikon). The diameters of 150 axons and varicosities in spinal cords were measured using Volocity 6.0.1 software (PerkinElmer, Fremont, CA, USA). To more precisely illustrate the distribution patterns of varicosities in the spinal cord, 3--6 sections of T~12--L6~ cord levels were randomly picked up, and large scopes (4,711 pixels × 7,476 pixels, 10% overlay) with Z-stacks (0.5 μm/step × 10--30 steps) were captured. The densities of varicosities in different laminae were calculated using the 3D objector counter in Fiji software v2.0. The value of the size filter was 10--100 pixels, set after more than 100 varicosities were manually measured, and the intensity threshold was finely adjusted according to the brightness of the images.

In addition, some coronal sections of L~4~ segments were selected for immunofluorescence to examine the relationships between the primary afferents and the propriospinal neurons. The sections were blocked and pre-permeated with 1% bovine serum albumin containing 0.3% Triton X-100 for 30 minutes at room temperature, then incubated overnight at 4°C with the primary antibody of mouse anti-neuron specific nuclear protein (anti-NeuN, 1:1,000; catalog No. ab104224, lot No. GR138829, monoclonal; Abcam, Cambridge, MA, USA), which was tested for specificity using western blot assay according to the datasheet provided by the supplier. The quality of staining obtained in the present study was confirmed by comparison with the images from previous studies (Kaur et al., 2014; Li et al., 2014), in which the same antibody was applied. After incubation with FITC-conjugated goat anti-mouse IgG (1:200; catalog No. EM35120-01, lot No. 3001; Emarbio Science & Technology Co., Ltd., Beijing, China) for 2 hours at room temperature, all sections were mounted on poly-lysine pre-coated slides and coverslipped' with mounting medium (Fluoromount, catalog No. F4680, lot No. SLBN9322V; Sigma-Aldrich). All slides were kept in the dark at 4°C till observation, and digital images were acquired with TIE-A1 confocal microscopy (Nikon) using NIS-Elements 4.40 software (Nikon). TRDA was visualized at 561 nm (Solid Laser561/50w Display/DE), and FITC-conjugated secondary antibody was excited at 488 nm (Multi Ar Laser65mW/US). All images were scanned at a resolution of 1,024 × 1,024 pixels using the following parameters: 10 × air (NA = 0.45, pinhole = 19.2 μm), 20 × air (NA = 0.75, pinhole = 23.0 μm), 40 × air (NA = 0.95, pinhole = 38.3 μm) and 60 × oil (NA = 1.4, pinhole = 39.6 μm). Z-stacks through the depth of the sections were acquired, and the intervals ranged from 0.2 μm to 0.5 μm depending on the detection aims.

Statistical analysis {#sec2-4}
--------------------

All measurements were performed by the same observer, and data were calculated as the mean ± SD. Efficiency analysis was conducted using *t*-tests or one-way analysis of variance followed by Dunnett\'s T3 adjustment for multiple comparisons with the SPSS 21.0 software package (IBM, Armonk, NY, USA). A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Labeling efficiency of two injection methods {#sec2-5}
--------------------------------------------

When TRDA was injected into L~4~ DRGs, a high amount of tracer was present in the area surrounding the neurons in DRGs, but only a small amount was taken up ([**Figure 1A**](#F1){ref-type="fig"}). The uptake ratios were 11.81 ± 3.94% and 10.86 ± 3.38% at 10 and 14 days post-operation, respectively. These ratios were not correlated with the survival time (*P* \> 0.05; **Figure** [**2A**](#F2){ref-type="fig"} and [**C**](#F2){ref-type="fig"}). To improve labeling efficiency, we directly injected TRDA into the trunks of L~4~ dorsal root, where they were taken up and retrogradely transported to the cell bodies in DRGs ([**Figure 1B**](#F1){ref-type="fig"}). The ratios of labeled neurons were 47.09 ± 5.68%, 46.23 ± 8.62% and 48.34 ± 10.44% at 3, 7 and 10 days post-operation, respectively, and there were no significant differences between them (*P* \> 0.05). When the survival time was extended to 14 days, the labeling ratio increased to 65.58 ± 5.49%, which was much higher than that at any other time points ([**Figure 1C**](#F1){ref-type="fig"}; *P* \< 0.01). Furthermore, the labeling ratios of dorsal root tracing were much higher than those of DRG tracing at 10 and 14 days postoperatively (*P* \< 0.01; **Figures** [**1D**](#F1){ref-type="fig"}, [**2B**](#F2){ref-type="fig"}, [**2D**](#F2){ref-type="fig"}--[**F**](#F2){ref-type="fig"}).

![Labeling efficiency of dorsal root ganglion (DRG) tracing and dorsal root (DR) tracing.\
(A) When Texas red-dextran amine (TRDA) was injected into L~4~ DRG, a large amount of tracer was present in the area surrounding the neurons in DRG but only a small proportion (approximately 10%) of cells were labeled. (B) However, most (\> 50%) of the neurons in DRG were labeled when TRDA was injected into the trunk of the L~4~ DR. Scale bars: 200 μm. Arrows: Neurons labeled by TRDA. (C) The labeling ratios were not significantly different at 3, 7 and 10 days after DR tracing (*P* \> 0.05), and they were all lower compared with 14 days after DR tracing (\*\**P* \< 0.01, *vs*. 14 days after DR tracing). (D) Furthermore, the uptake ratios of DR tracing were much higher than those of DRG tracing at 10 and 14 days postoperatively (\#\#*P* \< 0.01, *vs*. DR tracing). Data are presented as the mean ± SD. Efficiency analysis was conducted using *t*-tests (D) or one-way analysis of variance followed by Dunnett\'s T3 adjustment for multiple comparisons (C). dpi: Days post-injection.](NRR-12-1695-g003){#F1}

![Transverse sections through the L~4~ cord level at 10 days after TRDA injection.\
Large scopes were captured using Nikon TIE-A1 confocal microscopy with 10% overlay (A and B). Modicum axon arborizations and varicosities were labeled after DRG tracing (C, 0.5 μm/step × 25 steps), while many labeled fibers and varicosities were distributed in the dorsal and ventral horns of the L~4~ segment after DR tracing (D and E, 0.5 μm/step × 22--24 steps). Higher magnification of the boxed area in D showed that TRDA filled the small as well as large axons and varicosities (F, 0.2 μm/step × 87 steps, arrow: varicosity labeled by TRDA). Scale bars: 250 μm in A and B, 100 μm in C--E, 10 μm in *F* (0.5 μm/step × 25 steps: Z-stacks through the depth of the sections, with an interval of 0.5 μm). TRDA: Texas red-dextran amine.](NRR-12-1695-g004){#F2}

In addition, TRDA labeled the small diameter neurons (≤ 30 μm) as well as the large ones (\> 30 μm). The diameters of labeled neurons ranged from 5.09 μm to 42.53 μm. Small neurons accounted for 90.7% of labeled cells. The diameters of labeled axons in the spinal cord ranged from 0.31 μm to 8.4 μm, while the diameters of varicosities ranged from 1.32 μm to 16.97 μm. None of the neurons in bilateral L3, L5 and contralateral L~4~ DRGs were labeled.

Central projections of L~4~ primary afferents {#sec2-6}
---------------------------------------------

After tracers were injected into L~4~ dorsal roots, they were uptaken and anterogradely transported to the axon terminals in the spinal cord and gracile nucleus. At 3 days postoperatively, only a small number of TRDA-labeled terminals were ipsilaterally distributed in the dorsal funiculus and laminae I--V at L~4~ segment. At 7, 10 and 14 days postoperatively, the projection scopes were extended to the T~10~--S~4~ cord levels, and the density and intensity of labeled varicosities increased with the extension of survival time.

The horizontal sections of spinal cord revealed that a large number of labeled primary afferent fibers ascended in the posterior funiculus and projected to the brain stem, while a small quantity of them descended to the sacral cords (**Additional Figure 2**). A large number of labeled arborizations and varicosities were widely distributed in different laminae of ipsilateral spinal cords, which longitudinally extended in the lateral part of the superficial dorsal horn (laminae I--III; **Figure** [**3B**](#F3){ref-type="fig"} and [**C**](#F3){ref-type="fig"}), while transversely extending in the deep dorsal horn (laminae V--VII; **Figure** [**3E**](#F3){ref-type="fig"} and [**F**](#F3){ref-type="fig"}). Furthermore, a small number of cross-projecting nerve fibers and varicosities were also observed in the dorsal commissural region of lamina X in the T13 segment (arrows in [**Figure 4D**](#F4){ref-type="fig"}).

###### 

Horizontal section of posterior funiculus of spinal cord after L~4~ DR tracing (A), Higher magnification of the boxed area in A (B).

Scale bars: 500 μm in A, 100 μm in B. Arrow: L4 dorsal root.
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Click here for additional data file.

![Photomicrographs of horizontal section of lumbar spinal cord at 10 days after dorsal root tracing.\
(A, D) Large scopes were captured using Nikon TIE-A1 confocal microscopy with 5% overlay. A large number of labeled nerve fibers and varicosities were widely distributed in ipsilateral lumbar cord at 10 days after dorsal root tracing, and extended longitudinally in the lateral part of the superficial dorsal horn (B and C 0.5 μm/step × 24--25 steps), while extending transversely in the deep dorsal horn (E and F, 0.5 μm/step × 34 steps). (B, C, E, F) Magnification of the box area in A and D. Scale bars: 500 μm in A and D, 100 μm in B, C, E and F.](NRR-12-1695-g005){#F3}

![Long distance projections and cross projections of L~4~ afferent fibers at 14 days after dorsal root tracing.\
(A, B) A large number of labeled arborizations and varicosities were ipsilaterally distributed throughout the whole gracile nucleus (A, 0.5 μm/step × 50 steps) and a small number cross-projected to the contralateral gracile nucleus (arrow in B, 0.5 μm/step × 31 steps) at 14 days after dorsal root tracing. (C, D) In addition, a small number of cross-projecting nerve fibers and varicosities were also observed at the commissural regions of lamina X (arrow in C, transverse section, 0.2 μm/step × 79 steps, and arrows in D, horizontal section, 0.5 μm/step × 22 steps). Scale bars: 100 μm. cc: Central canal.](NRR-12-1695-g006){#F4}

In the coronal sections, a large quantity of labeled nerve fibers and varicosities were ipsilaterally localized in T~10~--S~4~ segments, which extended to Clarke\'s column at T~10~ and T~11~, to laminae I--VII and Clarke\'s column at T~12~ and T~13~, to laminae I--VII including Clarke\'s column and intermediomedial cell column at L~1~ and L~2~, to all laminae including intermediomedial cell column and Lissauer\'s tract from L~3--5~, to laminae I--VII, X and intermediomedial cell column at L6, and to laminae IV--VI from S~1--4~ cord levels (**Additional Figure 3**). [**Table 2**](#T2){ref-type="table"} shows the rostrocaudal distributions of labeled varicosities in spinal cord, which was very dense at the L~4~ cord level, particularly in laminae I--III (2,466,678/mm^3^), and decreased gradually in more rostral and caudal segments. The labeled varicosities were predominately distributed in laminae I--IV, moderately in laminae V--VII and sparsely in laminae VIII--X in the lumbar cords. Moreover, many of the labeled varicosities were distributed in Clarke\'s column from T~10~ to L2 segments (137,879--715,336/mm^3^).

###### 

Distributions of TRDA in gracile nucleus (A), T~10~--S~4~ (B-O) segments of spinal cord and sciatic nerve (P) after L~4~ DR tracing. Higher magnification of the boxed areas in L--O (Q--T).

Scale bars: 200 μm in A--P, 25 μm in Q--T. Arrowheads: Pericytes; GN: gracile nucleus; SN: sciatic nerve
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Click here for additional data file.
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Density (numbers/mm^3^) of varicosities in the spinal cord of rats

![](NRR-12-1695-g007)

None of the nerve terminals in the gracile nucleus were labeled at 3--10 days postoperatively. However, a large number of labeled arborizations and varicosities ipsilaterally extended throughout the whole gracile nucleus (**Figure** [**4A**](#F4){ref-type="fig"} and [**B**](#F4){ref-type="fig"}) in three rats (but were sparse in one rat) when the survival time was extended to 14 days. Moreover, a small number of cross-projections from the L~4~ dorsal root to the contralateral gracile nuclei and spinal cord were also observed (arrows in **Figure** [**4B**](#F4){ref-type="fig"} and [**C**](#F4){ref-type="fig"}).

Relationships of primary afferent fibers with propriospinal neurons in gray matter {#sec2-7}
----------------------------------------------------------------------------------

After double fluorescence photomicrographs of the coronal sections of the L~4~ segment were captured, close appositions between the TRDA-labeled varicosities and FITC-stained somata as well as dendrites of the propriospinal neurons were identified in a 3D opacity mode using Volocity 6.0.1 software. Appositions were regarded as physical contacts when no gaps were observed. [**Figure 5**](#F5){ref-type="fig"} shows that numerous labeled arborizations and varicosities originating from the L~4~ dorsal root were located in spinal cord, and some of them were strongly connected with NeuN-positive neurons forming direct contacts between them. These contacts were widespread in the gray matter, and predominately localized in laminae III--V of ipsilateral dorsal horn (**Figure** [**5A**](#F5){ref-type="fig"}, [**B**](#F5){ref-type="fig"}, [**D**](#F5){ref-type="fig"} and [**E**](#F5){ref-type="fig"}), and were sparsely distributed in laminae VIII and IX of the ipsilateral ventral horn (**Figure** [**5C**](#F5){ref-type="fig"} and [**F**](#F5){ref-type="fig"}), where motor neurons were located.

![Relationships of the primary afferent fibers with the propriospinal neurons in L~4~ gray matter.\
After dorsal root tracing, abundant arborizations and varicosities labeled by Texas red-dextran amine (red) were found in the gray matter of the L~4~ cord level, and some were closely connected with the NeuN positive neurons (green), forming direct contacts between them (arrows in D--F, 3D opacity mode of the boxed area in A--C, 0.2 μm/step × 65--107 steps). Moreover, these contacts were widespread in the gray matter, and predominantly localized in laminae III--V of the ipsilateral dorsal horn. (A) Laminae I--VI; (B) laminae III--V; (C) laminae VIII and IX. Scale bars: 100 μm in A--C.](NRR-12-1695-g008){#F5}

Discussion {#sec1-4}
==========

Dorsal root tracing performs better than DRG tracing in terms of labeling efficiency {#sec2-8}
------------------------------------------------------------------------------------

The results revealed that 3-kDa TRDA was an efficient anterograde and retrograde tracer in the present study, achieving sensitive and fine anterograde labeling of entire axons, arborizations and varicosities in the spinal cord and gracile nucleus, and retrograde labeling of cell bodies in the DRG. When TRDA was applied to the DRG, only approximately 10% of sensory neurons and a small number of terminals in the spinal cord were labeled. This low proportion may be related to the nonhomogeneous distributions of the injected tracers, and/or injury of the neurons in DRG. However, when TRDA was directly injected into the dorsal root, about 50% of neurons in DRG and a large quantity of varicosities distributed from T~10~ to S4 cord levels were labeled, suggesting that the labeling efficiency of dorsal root tracing was much higher than that of DRG tracing, possibly because TRDA could be taken up by damaged as well as intact axons in the injection site. In addition, the labeling efficiency of dorsal root tracing was much higher compared with biotin-dextran amine tracing described in a previous study (Novikov, 2001). Although viral tracing techniques appear to be superior to classic tracing approaches (Novikov, 2001; Mason et al., 2010), which can also transsynaptically transfer and delineate output connectivity with third-order neurons (Zampieri et al., 2014), the required laboratory conditions and experimental operations are demanding. Dextran amines are safe, non-toxic, efficient and easy-to-use tracers, which cannot diffuse out of the cells, even when anterograde tracing is combined with immunological or histochemical procedures (Schmued et al., 1990; Vercelli et al., 2000). Therefore, dorsal root tracing using TRDA may provide an appropriate choice for labeling of the primary afferent fibers.

Central projections of the single dorsal root are extensive and complex {#sec2-9}
-----------------------------------------------------------------------

The central projections of primary afferent fibers have been traced using Golgi methodologies (Hamano et al., 1978), silver impregnation techniques (Kusuma and ten Donkelaar, 1980), autoradiography (Snyder, 1982), horseradish peroxidase (HRP) (Light and Perl, 1977; Proshansky and David Egger, 1977; Mesulam and Brushart, 1979), cholera toxin B subunit-HRP (CB-HRP) (Robertson and Grant, 1985; Rivero-Melian and Grant, 1990), wheat germ agglutinin-HRP (WGA-HRP) (Robertson and Grant, 1985) and other tracers (Novikov, 2001) (viral vectors were not discussed in this manuscript). However, the results have not been entirely consistent, and most of these previous studies have concentrated solely on the restricted medullary regions receiving afferent fibers from target tissues, organs or the nerves they govern (Mesulam and Brushart, 1979; Cervero et al., 1984; Pfister and Zenker, 1984; Robertson and Grant, 1985; Molander and Grant, 1987; LaMotte et al., 1991; Novikov, 2001), and the whole central projections and connections of single dorsal roots has not previously been reported.

When projections of the sciatic nerve, which is formed mainly by the L~4--5~ DRGs (Rivero-Melian and Grant, 1990), were traced using CB-HRP or in combination with WGA-HRP, afferents were found to extend to the dorsal horn from L~1~--S~1~, to Clarke\'s column from T~8~--L~1~, to the ventral horn from L~2--5~, and throughout the medial and dorsal region of the gracile nucleus (LaMotte et al., 1991). Another report revealed more extensive distributions of L~4~ primary afferent fibers in spinal cord after L~4~ DRG tracing with CB-HRP (Rivero-Melian and Grant, 1990). However, the marginal zone and the substantia gelatinosa were devoid of labeling (Robertson and Grant, 1985; Rivero-Melian and Grant, 1990). In the present study, numerous labeled arborizations and varicosities extended to the dorsal horn from T~12~--S~4~, to Clarke\'s column from T~10~--L~2~, to the ventral horn from L~1--5~, and the labeled varicosities were predominately distributed in laminae I--IV, moderately in laminae V--VII and sparsely in laminae VIII--X according to quantitative analysis. Moreover, the marginal zone and substantia gelatinosa showed very strong labeling in L~3--5~ segments because TRDA labeled small as well as large diameter axons and varicosities, unlike CB-HRP or WGA-HRP tracing (Robertson and Grant, 1985). Furthermore, the TRDA-labeled nerve fibers interweaved in the lumbar cords, which longitudinally extended in the lateral of superficial dorsal horn, as suggested by Light and Perl (Light and Perl, 1977), while transversely extending in the deep dorsal horn. Thus, the elaborated distributions of the L~4~ dorsal root were illustrated more precisely than in earlier studies.

Relationships between primary afferent fibers and apropriospinal neurons {#sec2-10}
------------------------------------------------------------------------

The phenotype of synapses that make up the neural circuits of specific neural systems can be elucidated when anterograde tracing is combined with immunocytochemistry technologies (Raju and Smith, 2006). Moreover, the detailed and precise characterization of the cell\'s morphology and their contact with other neurons or fibers is simplified with the development of three-dimensional reconstruction techniques using a confocal laser scanning microscope (Wallen et al., 1988). In the current research, primary antibody of NeuN, which is a sensitive and specific nuclear protein localizing in the nuclei and perinuclear cytoplasm of most of the neurons in the central nervous system (Mullen et al., 1992; Guo et al., 2015; Gusel'nikova and Korzhevskiy, 2015), was applied to illustrate the propriospinal neurons in gray matter, and their anatomic connections with primary afferent fibers from L~4~ dorsal root were investigated using a 3D reconstruction technique. Although it is impossible to identify the synaptic connections at the light microscopic level, [**Figure 5**](#F5){ref-type="fig"} shows that the terminal-like labeling was strongly relations to the stained neurons, indicating possible synaptic relationships between them. It is generally accepted that the roles of propriospinal neurons are diverse, according to their laminar distributions and connections (Harrison et al., 1986; Kato et al., 2009; Antal et al., 2016). The present study revealed that the contacts of the primary afferent fibers with the propriospinal neurons were widespread in gray matter. Furthermore, some of them contacted the motor neurons in the ventral horn, suggesting that signals from primary afferent fibers might take part in diverse neural circuits, such as CPGs, in the spinal cord. This finding may be useful for furthering our understanding of new strategies for repairing spinal cord transection by intercostal nerve-lumbar dorsal root anastomosis. In future, different neuronal markers should be applied to further elucidate the roles of primary afferent fibers in diverse neural circuits in the spinal cord.

Conclusions {#sec1-5}
===========

The projection and connection patterns of lumbar primary afferent fibers were illustrated in detail by injecting TRDA into the L~4~ dorsal root, and a large number of labeled nerve fibers and varicosities were extensively distributed in the spinal cord, and widely contacted propriospinal neurons.
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